Introduction
Reactive oxygen species are produced through normal metabolic processes in vivo and as a result of exposure to radiation or environmental pollution (Sardesai, 1 995) . These highly reactive species cause damage to cellular components including DNA and produce many degenerative diseases like cancer, heart disease, and diabetes. Living tissue can protect itself through different endogenous antioxidative processes. Besides internal defenses, the consumption of antioxidants from dietary sources can help in protecting against the oxidative stress and thus the onset of many chronic diseases.
Fish is integral part of the diet of people all over the world and the main source of protein in most Asian countries. Several epidemiological studies showed that consumption of fish lowers the risk of coronary heart disease and cardiovascular disease (Nestel, 2002; Rodriguez et al., 1996; Kromhout, 1989; Kromhout et al., 1985 Kromhout et al., , 1995 .
Consumption of 30 g fish/day was found to be associated with 50% fewer deaths from coronary heart disease (Kromhout et al., 1985) . Coronary heart disease and cardiovascular disease are believed to be diseases which are induced by free radicals. Antioxidants are therefore apparently present in fish which are capable of neutralizing or scavenging free radicals. But the importance of fish in the diet is mainly considered to be for the presence of highly polyunsaturated fatty acids, especially n-3 fatty acids (Passi et al., 2002; Ruiz de Gordoa et al., 2002; Dyerberg et al., 1975; Bang et al., 1980) . Mortality caused by cardiovascular disease was proved inversely proportional to the intake of n-3 fatty acids (Dolecek, 1992) .
The antioxidant defense system of fish was described by Filho (1996) , Marcon and Filho (1999) and Ross et al. (2001) . Hydrophilic, Iipophilic and enzymatic antioxidants were quantified in some fish and shellfish by Passi et al. (2002) . However, the contribution of antioxidative components in preventing free radical induced diseases has not be yet focused. Though fish is consumed in large quantities in different nations, few reports are available on its antioxidative properties. Fish and fishery products showed high radical-scavenging activity comparable to vegetables in a recent study (Khanum et al., 1999) , but the active components remain to be identified. In this paper, we compared the antioxidant activity of different fish tissue using two different methods: the 1,1-diphenyl-2-picrylhydrazil (DPPH)-HPLC method developed by Yamaguchi et al. (1998) and the 2'-deoxyguanosine (2'-dG) oxidation method developed by Sakakibara et al. (2002) . Antioxidative vitamins, ascorbic acid (AsA) and tocopherols and their contribution to radicalscavenging activity were also quantified the exploration for the active constituents responsible for this activity in fish.
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Materials and Methods
Reagents DPPH, L-ASA, and 2,4-dinitrophenyl hydrazine were obtained from Nacalai Tesque Inc. (Kyoto, Japan). 2,2'-Azobis(2-amidinopropane) dihydrochloride (AAPH), and 2'-dG were obtained from Wako Pure Chemical Industries (Osaka, Japan) and 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox) was obtained from Aldrich Chemical Co. (Milwaukee, WI, USA). Vitamin E reference standards (oe-. P-. Y-and 6-tocopherols) and 2 2 5 7 8-pentamethyl-6-hydroxychroman ,,,, (PMC) were obtained from Eizai, Ltd. (Tokyo, Japan).
Fish sample Four commonly consumed Japanese fishes representing three different groups, dark muscled (sardine), moderately dark muscled (horse mackerel) and white muscled (sea bream and flat fish) were selected for the experiment. All the samples were purchased in a chilled condition from local super markets and fish shops in Nara, Japan. Muscle, skin, and liver of each fish were excised carefully; then, each part was macerated/minced finely with a knife to ensure uniform sampling. Radical-scavenging activity was measured according to the DPPH-HPLC method of Yamaguchi et al. (1998) . The DPPH radical-scavenging activity was evaluated by the difference in peak area decrease of the DPPH radical between a blank and a sample. The activity was expressed as umol Trolox equivalent per 100 g of fresh weight of fish sample. The total of the activities in both extracts was designated as the activity of each sample.
Oxygen radical-scavenging activity using 2'-dG oxidation method Sample extract was prepared in the same way as in the DPPH method. Suppression of 8-hydroperoxy-2'-deoxyguanosine (8-00HdG) formation by the extracts was measured according to the method of Sakakibara et al. (2002) . The radical-scavenging activity was evaluated by the difference in suppression of 8-00HdG formation between a blank and a sample, and was expressed as umol Trolox equivalent per 100 g of fresh weight of fish sample. The total of the activities in both extracts was designated as the activity of each sample.
ASA content Sample extract: Minced fish sample (5-10 g) was homogenized for 50-60 s using a homogenizer (Kinematica Polytron homogenizer PT-MR2000) in 15-20 ml of 5% metaphosphoric acid, and 5% metaphosphoric acid containing 1% stannous chloride solution. The resulting homogenate was centrifuged at 27000 x g for 20 min at 4'C, and the supernatant was filtered through a 0.45-um filter (Cosmonice Filter W, 13 mm, Nacalai Tesque Inc.).
ASA content of fish parts was determined by HPLC fol-265 10wing the method of Kishida et al. (1992) . The content was calculated by subtracting the value of sample mixed with 2,6-dichloroindophenol from the value of sample without 2,6-dichloroindophenol. The data were expressed as mg per 100 g of each sample. To calculate the contribution of AsA to the radical-scavenging activity, ASA content was expressed as umol of Trolox equivalent per 100 g of fresh fish sample.
Tocopherol content Tocopherol in fish samples was determined according to the method of Ueda and lgarashi (1990) with slight modification. Contribution of antioxidant vitamins to total radical-scavenging activity was calculated only for DPPH radical-scavenging activity because ce-tocopherol was not antioxidative to oxygen radical (Sakakibara et al., 2002) , but AAPH produced oxygen radicals through an intermediary peroxyl radical.
Results and Discussion
DPPH radical-scavenging activity The DPPH radicalscavenging activity of horse mackerel, sardine, sea bream and flat fish is presented in Table I . The results are in agreement with the previous work by Khanum et al. (1 999), which reported the activity of the edible part (muscle and skin).
Radical-scavenging activity of fish muscle is comparable to some vegetables such as burdock (490.0 umol Trolox eq./100 g), broccoli (468.3), and eggplant (342.4) reported by Yamaguchi et al. (2001) . Among the fish tested, horse mackerel and sardine muscle showed similar activity followed by sea bream and then flat fish. Fish liver and skin showed higher activity and liver activity was the highest. Among the four fishes, sardine liver was the highest in activity followed by horse mackerel, sea bream, and flat fish. Activity of fish skin was the highest for horse mackerel and lowest for flat fish. Activity of dark muscle was higher than ordinary muscle in horse mackerel but it was slightly 10wer in sardine. Dark muscle of horse mackerel showed higher activity than sardine. Flat fish muscle showed the lowest activity among all the fishes. Fish containing dark muscle showed overall higher activity compared to sea bream and flat fish.
Flat fish, a bottom dwelling and slow moving fish, showed lower activity than the other fishes. This result is consistent with the findings of Filho (1996) that more active marine fish possess enhanced antioxidant protection compared to sluggish fish according to their overall oxygen consumption. Janssens et al. (2000) observed that the level of enzymatic antioxidative defense is low in deep-sea fish.
Liver tissue usually had the highest level of antioxidants, which is closely related to fish activity level. Ross et al. (2001) found high antioxidant activity of fish liver and antioxidant levels were significantly higher in active fish than in those that were sedentary and sluggish (Filho, 1996) .
Dark muscle of horse mackerel showed higher radicalscavenging activity than white muscle, which may be due to higher content of antioxidant in the former. Dark muscle of Atlantic mackerel (Scomber scombrus) showed higher content of lipid and lipid soluble antioxidants than the light muscle (Petillo et al., 1998) . Radical-scavenging activity of horse mackerel skin was much higher than the other fish tested and the lowest value was found for flat fish skin. This may be related to the pigmentation of the skin.
Oxygen radical-scavenging activity Oxygen radicalscavenging activity of fish tissues measured using AAPH and 2'-dG is presented in Table 2 . The activity of all the fish species was strong. Liver activity was 4 to 8 times higher than that of muscle activity, with sardine liver showed the highest. Dark muscle of horse mackerel and sardine showed higher activity than that of white muscle. Flat fish muscle showed the lowest activity among the four fish tested by the DPPH method, but it was comparable to the other fish when measured using the 2'-dG oxidation method. Skin of horse mackerel and sardine showed similar radical-scavenging activity and the values were nearly double sea bream and flat fish; the activity of these two species was similar for all tissues. The 2'-dG oxidation method was proved better for both water and lipid soluble antioxidants (Sakakibara et al., 2002) . Active constituents in fish seem to be highly soluble in water. Since AAPH produces molecular oxygen radical, the components present in fish can scavenge the oxygen radical more effectively than the DPPH radical.
Difference in activity of the same tissue in different fish may be due to the presence of different active constituents and can be explained by individual feeding habits, species differences and maturity condition of individual species. As the oxygen radical-scavenging activity of fish is high, fish can be a rich source of antioxidants in a daily meal.
ASA Content AsAis a potent radical scavenger found in large quantities in fruits and vegetables, and it is the main contributor to the activity of some vegetables (Yamaguchi et al., 2001) . In the present study, the ASA and tocopherol content of fish was measured to understand the role of antioxidative vitamins in fish radical-scavenging activity. The results are shown in Table 3 . ASA content of fish tissues was found low compared to that of fruits and vegetables. ASA content ranged from 0.6 to 7.8 mglIOO g fresh fish tissue and followed the same trend as DPPH radical-scavenging activity. Liver contained high ASA in all fish. Sardine liver showed the highest value followed by flat fish, sea bream, and horse mackerel. ASA contents of flat fish and sea bream muscle were similar and higher than that of horse mackerel and sardine muscle. Sardine skin showed the 10west ASA value among the four fish and was almost half that of the others. Since fish cannot synthesize AsA, the ASA value may vary with feeding habit, quality and availability of diet and season. Muscle ASA value for sardine and horse mackerel in the present study was almost two times higher than the findings of Passi et al. (2002) . They found 2.3 ug/g and 2.5 ug/g for muscle tissue of sardine and horse mackerel, respectively. Hamre et al. (2003) observed variation in vitamin C and E content of herring from 1.0-3.3 mg/kg and 7-21 mg/kg fillets, respectively. Such variation in vitamin content may be primarily due to season, feeding condition and spawning condition of fish.
Contribution of ASA in DPPH radical-scavenging activity was low. Contribution of ASA to muscle activity of fish ranged 0.9-2.4%, skin activity 0.8-3.2% and liver activity 2.0-3.5% and in sea bream and flat fish muscle and skin was almost double that in horse mackerel and sardine (Table   3 ). Therefore, other antioxidative compounds are thought to play an important role in the radical-scavenging activity of these fish.
Tocopherol content A11 fish tissues were explored for oc-, P-, Y-and 6-tocopherols, but only oe-tocopherol was found in this study ranging 0.5-16.6 mglIOO g fresh tissue (Table 4) . Fish liver showed the highest value followed by dark muscle and then skin and ordinary muscle. Sardine muscle showed the highest content followed by sea bream, Table 3 horse mackerel and flat fish. Ce-Tocopherol content of flat fish liver was the highest among the fish tested, whereas muscle had the least. Sea bream skin showed twice the content of oe-tocopherol than the other fish. Dark muscle of horse mackerel and sardine contained 4-6 times more CC-tocopherol than white muscle in the present study. This result is similar to the findings of Petillo et al. (1998) for oc-tocopherol in dark muscle of Atlantic mackerel, which was 3 times higher than that of light muscle. Passi et al. (2002) found 5.4 ug/g tocopherol for horse mackerel and 5.8 ug/g for sardine muscle. These values are also lower than our observed values. Liver oc-tocopherol content of the fishes is comparatively higher than the findings of Filho ( 1 996) for marine teleost (6.6 nmol/g) and that of fresh water migratory teleost (7.8 nmol/g) (Marcon and Filho, 1999) .
The contribution of oc-tocopherol to radical-scavenging activity in the present study was not high for the tissues and ranged from 0.2 to 3.4~:~o (Table 4 ).
•The contribution to the dark muscle was higher than ordinary muscle, and even higher than liver except for flat fish. Below 1% contribution was observed to the activity of ordinary muscle, white a All values are the means :t SD of three determinations. b Values in parenthesis are contribution to radical-scavenging activity (~;~o) calculated from the activity of oe-tocopherol (2.2 umol Trolox eq./mg). c NA, not applicable muscle and skin of the fishes. Though the contribution of ASA and oe-tocopherol is negligible, the high radical-scavenging activity of fish liver can partly be explained by the presence of higher ASA and cc-tocopherol content. The synergistic antioxidant effect of ASA and cc-tocopherol is well established (Niki et al. , 1984; Leung et al. , 198 1). Hiramoto et al. (2002) also found that some water-soluble antioxidants including ASA exhibited synergistic hydrogen donation activities when combined with tocopherol in a biphasic system. However, the contributions of other antioxidative compounds such as taurine, peptides, and carotenoids may also be important. Further studies on radical-scavenging compounds in fish are now in progress. 28, 958-966. Filho, D.W. ( 1996) . Fish antioxidant defenses-a comparative approach.
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